Implantable cardioverter defibrillator (ICD) shocks are associated with a subsequent increased risk of death, and an elevation of cardiac enzymes has been measured after defibrillation testing (DFT). In an experimental swine study, subcutaneous ICD (S-ICD) shocks caused less myocardial damage than traditional ICD shocks. The aim of our study was to investigate the association between S-ICD shock and acute cardiac damage in humans, as evaluated by means of sensitive and highly specific circulating biomarkers. 
Introduction
Sudden cardiac arrest is the most common cause of death in developed countries. 1 The implantable cardioverter defibrillator (ICD) has consistently been found superior to the best available drug therapy for the prevention of sudden cardiac death in patients with previous cardiac arrest and in high-risk patients with depressed ventricular function or arrhythmogenic conditions. 1 For this reason, ICDs are the gold standard for sudden cardiac death prevention. The subcutaneous ICD (S-ICD) is a novel defibrillator equipped with an extrathoracic subcutaneous electrode. The defibrillation coil lies directly between two sensing electrodes and the S-ICD generator acts as the 3rd electrode, used for sensing and defibrillation. The S-ICD should be regarded as an alternative to transvenous defibrillators in patients with an indication for an ICD when pacing therapy for bradycardia support, cardiac resynchronization, or antitachycardia pacing is not needed. 1 The S-ICD also may be a useful alternative to the transvenous ICD system when venous access is difficult, after the removal of a transvenous ICD for infections or in young patients with a long-term need for ICD therapy. 1 It has been clearly demonstrated that appropriate and inappropriate ICD shocks for ventricular arrhythmias are associated with a subsequent 2-to 10-fold increased risk of death. 2 Several nonrandomized studies have shown an elevation of cardiac enzymes measured after defibrillation testing (DFT), when performed during ICD implantation or before hospital discharge. [3] [4] [5] A recent prospective, randomized, multicentre trial confirmed that the ICD shock itself, and not ventricular fibrillation (VF), seems to cause myocardial micro-damage, as evaluated by high-sensitivity troponin assessment. 6 In an experimental swine study, 7 S-ICD shocks seemed to cause less myocardial damage than traditional ICD shocks. However, there are no data on the effect of S-ICD shocks on the myocardium in humans in the literature. The aim of our prospective study was to investigate the association between S-ICD shock and acute cardiac damage, as evaluated by means of sensitive and highly specific circulating biomarkers.
Materials and methods

Study population
Of the 167 patients who received an ICD at Monaldi Hospital between October 2015 and July 2016, 32 met the criteria for S-ICD implantation according to the current guidelines and were enrolled in the study.
Study protocol
This study was single centre and prospective. Ethics approval was obtained from the institutional review committee, and all patients provided written, informed consent before participating in the study.
Study endpoints
The primary study endpoint was the degree of myocardial micro-damage, assessed by calculating the variation in the serum levels of high-sensitivity cardiac troponin I (hs-CTnI) and creatine kinase-MB mass concentration (CK-MB mass), measured before and after an S-ICD shock delivered during intraoperative DFT. The secondary endpoint was the degree of haemodynamic stress, measured as the variation in the serum levels of N-terminal pro-B-type natriuretic peptide (NT-proBNP) and copeptin (CP), after the S-ICD shock. Variations in biomarker serum levels according to ejection fraction were compared.
Device implantation and defibrillation test
All patients underwent S-ICD implantation according to the manufacturer's recommendations. The optimal configuration proved to be that in which the shock coil was placed in the left parasternal position and the pulse generator was placed over the 6th rib in the left mid-axillary line.
For shock coil placement, we adopted the two-incision technique, thereby avoiding superior parasternal incision. All patients underwent standardized intraoperative DFT. The detection rate was lowered to a minimal value of 170 b.p.m. DFT was performed on VF induced by a single 50 Hz alternating current burst lasting 4 s. The first shock energy was programmed to 65 J, resulting in a safety margin of at least 15 J. In the case of ineffective first shock delivery, the second shock energy was programmed to 80 J in reversed polarity. An ineffective second shock delivery would have required external defibrillation. An ineffective first shock required further tests in either reverse polarity or after repositioning of the subcutaneous lead and/or the pulse generator.
Biomarker measurements
Baseline serum levels of hs-CTnI (ng/mL), CK-MB mass (ng/mL), NTproBNP (pg/mL), and CP (pmol/L) were measured before S-ICD implantation when the patient was in stable haemodynamic conditions and had been free from clinical sustained ventricular arrhythmia for at least 4 weeks. Blood sampling was repeated at the end of the surgical S-ICD implantation procedure, before the shock delivery and 1, 6 and 24 h after DFT. Blood samples used to measure serum biomarker levels were centrifuged at 2500g for 15 min at 4 C, within 30 min of collection, and the serum was stored at -70 C until analysis.
High-sensitivity cardiac troponin I was measured by means of STAT contemporary sensitive and high-sensitivity assays on a Siemens Dimension Vista 1500 according to the manufacturer's instructions. The hs-CTnI measurements were taken using a sandwich chemiluminescent immunoassay based on LOCI advanced technology. The upper reference limit was 0.045 ng/mL.
Creatine kinase-MB mass and NT-proBNP were measured quantitatively using an electrochemiluminescence immunoassay based on electrochemiluminescence technology, sandwich principle (cobas 8000 modular analyser series, Roche, Mannheim, Germany). The upper reference limits were 3.6 ng/mL and 125 pg/mL, respectively.
Copeptin was detected by means of an automatic immunofluorescent assay (BRAHMS Copeptin proAVP KRYPTOR, Germany) according to the manufacturer's recommendations. The upper reference limit was 10 pg/mL.
The clinical biochemistry laboratory of our institution has implemented and maintains a Quality Management System which fulfils the What's new?
• In our study, serum levels of biomarkers of myocardial damage were not found to be elevated after high-energy shock in patients who had undergone subcutaneous implantable cardioverter defibrillator (S-ICD) device implantation.
• The S-ICD shock did not seem to cause stable increase in haemodynamic stress biomarkers, either in patients with preserved cardiac function or in those with reduced ejection fraction.
• This suggests that S-ICD defibrillation testing does not cause acute myocardial injuries in humans. 
Statistical analysis
Continuous data were expressed as mean ± standard deviation; categorical data were expressed as percentages. Differences between mean data over time were determined by means of repeated-measures analysis of variance with Bonferroni's correction. A P-value <0.05 was considered significant for all tests. All statistical analyses were performed by means of SPSS software (SPSS Inc., Chicago, IL, USA).
Results
Patient characteristics
The clinical characteristics of the study population are reported in Table 1 . The patients had a mean age of 43 ± 14 years, and the majority (75%) were male. Seven patients were affected by ischaemic dilated cardiomyopathy (DCM), seven patients by non-ischaemic DCM, six patients by arrhythmogenic right ventricular dysplasia, seven by hypertrophic cardiomyopathy and five by Brugada syndrome.
All S-ICDs were implanted for primary prevention of sudden cardiac death. DCM patients underwent implantation at least 3 months after the optimization of medical therapy. All patients underwent successful S-ICD implantation and DFT. In all patients, the first shock (65 J) was effective; no additional shocks were delivered, and no serious complications were noted.
Endpoint analysis
The primary and secondary analyses were performed in 30 patients. The remaining two DCM patients were excluded from the analysis, as blood samples were not collected according to the study protocol.
Primary endpoints: myocardial injuries
The baseline serum levels of hs-CTnI and CK-MB mass were 0.029 ± 0.005 ng/mL and 1.37 ± 0.17 ng/mL, respectively. All patients showed normal values of hs-CTnI and CK-MB mass at the baseline; these were not increased after the S-ICD implantation procedure or at the 1-h post-shock evaluation (0.030 ± 0.005 ng/mL, P ¼ 0.079; 1.41 ± 0.18, P ¼ 0.080) and remained stable 6 and 24 h after DFT ( Table 2 ).
Secondary endpoints: haemodynamic stress
The mean baseline plasma NT-proBNP and CP levels were 425.1 ± 71.3 pg/mL and 31.8 ± 9.1 pg/mL, respectively. Normal values of CP and NT-proBNP were found in 18 of 30 (60%) patients at the baseline. N-terminal pro-B-type natriuretic peptide was not increased after the S-ICD implantation procedure or at the 1-h postshock evaluation (427.2 ± 73.8 pg/mL, P ¼ NS) and remained stable 6 and 24 h after DFT.
Copeptin levels were not increased after the S-ICD implantation procedure but were significantly higher at the 1-h post-shock evaluation (107.6 ± 14.8 pg/mL, P < 0.0001); 6 h after DFT, however, they had returned to the baseline and remained stable at 24 h (Figure 1 Biomarker evaluations according to ejection fraction and underlying disease
We divided the study population into two groups according to the ejection fraction. Twelve (40%) patients affected by DCM had an ejection fraction < _ 35%. At the baseline, this subgroup presented normal values of hs-CTnI and CK-MB mass but increased NTproBNP and CP values ( Table 3) . The CP values were significantly increased at the 1-h post-shock evaluation; 6 h after DFT, however, they had returned to the baseline, and remained stable at 24 h, as in the overall study population (Figure 2) . The values of hs-CTnI, CK-MB mass and NT-proBNP were not significantly increased at the 1-h post-shock evaluation ( Figure 3) . Stratifying the study population according to the underlying disease, we noticed comparable changes in biomarkers over time ( Table 4) .
Discussion Background
The S-ICD constitutes a major advance in ICD technology in the last 10 years. Despite its current limitations, in routine clinical practice, an increasing number of patients requiring an ICD might be potential candidates for a subcutaneous device. 8 According to a recently published multinational consensus statement on optimal ICD programming and testing, DFT is recommended (Class I indication) in patients undergoing S-ICD implantation. 9 However, the S-ICD system requires significantly higher energy shocks than transvenous ICD. At present, there are no literature data on the association between defibrillation shock and acute cardiac damage in patients with S-ICD. The aim of our study was to evaluate myocardial injury and haemodynamic stress, as assessed by means of serial perioperative evaluation of serum biomarkers following subcutaneous intraoperative DFT.
Clinical biomarkers
Myocardial injury is detected when blood levels of sensitive and specific biomarkers, such as cardiac troponin or the MB fraction of creatine kinase, are increased. Cardiac troponin I and T are components of the contractile apparatus of myocardial cells and are expressed almost exclusively in the heart. Although elevations of these biomarkers in the blood reflect injury leading to the necrosis of myocardial cells, they do not indicate the underlying mechanism. Highsensitivity troponin assays detect concentrations of the same proteins that conventional sensitivity assays are aimed at detecting, though at much lower concentrations; they therefore markedly improve sensitivity in detecting cardiac myocyte necrosis. 10 In our study, we used the specific myocardial injury markers hsCTnI and CK-MB mass to evaluate acute injury leading to the necrosis of myocardial cells secondary to subcutaneous intraoperative DFT; this approach differs from that of previous studies, in which troponin T and troponin I were observed. 3, 6 B-type natriuretic peptide can be produced both in the atria and in the ventricles and is up-regulated in failing ventricular myocardium. In response to increased myocardial stretch and wall stress, ventricular myocytes secrete the pro-hormone pre-proBNP, which is then cleaved into biologically active BNP and the inactive byproduct NTproBNP. Elevated BNP levels have been demonstrated to response to increased angiotensin II and sympathetic tone. In primary care settings, NT-proBNP has a good diagnostic performance in identifying patients who are at risk of developing HF, even if they have few symptoms and less severe signs of HF. N-terminal-pro-B-type natriuretic peptide is also a sensitive marker of myocardial ischaemia in that it increases much more markedly than conventional markers in the early phase of myocardial damage, especially in non-ST elevation MI patients.
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Copeptin, the C-terminal portion of provasopressin, is a glycosylated polypeptide comprising 39 amino acids and harbouring a leucine-rich core segment. It is a neurohormone of the Arginine vasopressin (AVP) system and is co-secreted with AVP by the hypothalamus. Copeptin has been suggested as a marker of individual stress level. 12 It is well known that sympathetic hyperactivation is strongly associated with the endogenous stress level, 13 and it has been suggested that adrenergic substances, including norepinephrine, stimulate AVP release. Copeptin has yielded promising clinical results in a variety of cardiovascular and non-cardiovascular conditions. It may serve as an independent predictor of both mortality and rehospitalization for heart failure and displays greater superior prognostic value than BNP and NT-proBNP 14 ; if used in combination with other markers, including NT-proBNP and hs-cTnT, it has excellent prognostic value. 15 
Previous studies
Defibrillation testing, which is conducted by inducing and terminating VF, is widely considered to be a part of the standard protocol for transvenous ICD implantation. However, several studies have suggested that shock causes myocardial injury 3, 16 and unstable cardiac haemodynamics. 17 A recent prospective, randomized, multicentre trial conducted by Semmler et al. 6 on 194 ICD recipients showed that ICD implantation was associated with an elevation of serum levels of hsTnT and that the postoperative release of hsTnT was significantly higher in patients who had undergone intraoperative ICD testing than in those who had not. The authors concluded that the ICD shock delivered during DFT, and not the VF, caused hsTnT to rise after device implantation. Ishigaki et al. 18 found that patients who underwent ICD implantation and received a 15 J shock during DFT exhibited evidence of myocardial damage, as indicated by increased serum levels of cardiac troponin T and heart-type fatty acid-binding protein. In contrast, 10 J of DFT (9 J or 10 J) was associated with an acceptable rate of successful DFT and no significant elevation of either marker. A summary of previous studies reporting changes of cardiac troponin and CK-MB mass after transvenous ICD shock is reported in Table 5 . The S-ICD system can deliver a maximum of five 80 J shocks, and it has been hypothesized that higher energy shocks delivered to tissues within the shock field from a subcutaneous lead would result in more tissue injury near the delivery electrodes than if a transvenous lead were used. 19 However, in an animal study aimed at evaluating acute cardiac and chest wall damage after shocks delivered by an S-ICD in swine, Killingsworth et al. 7 showed that the S-ICD group, which underwent DFT with higher energy 80 J shocks, had lower troponin I values, indicating less cardiac injury than the control pigs, which received 35 J transvenous shocks. The authors suggested that the strength of the electric shock within the heart was probably greater when the transvenous lead was used than when the subcutaneous lead was used. However, no data in humans are available to confirm these observations. More recently, Garcia et al. 20 compared S-ICD and transvenous ICD shocks delivered after VF induction in 14 pigs. High-sensitivity troponin T levels were significantly higher in the transvenous ICD group, whereas creatine phosphokinase activity levels were significantly higher in the S-ICD group from 1 h to 24 h after the procedure. Therefore, they concluded that S-ICD shocks were less cardiotoxic than T-ICD shocks. 20 
Main findings
Intraoperative DFT offers the unique clinical opportunity to evaluate the impact of the S-ICD shock on acute cardiac damage and cardiovascular haemodynamics, as evaluated by means of serum levels of biomarkers. In our study, the S-ICD shock did not seem to cause myocardial injuries, either in patients with preserved cardiac function or in those with reduced ejection fraction. Although CP levels temporarily rose after DFT, probably due to haemodynamic stress following VF induction and shock delivery, they returned to basal levels within 6 h, which suggests that DFT does not have long-term prognostic implications. However, it is not clear whether the main determinant of the CP increase was the ICD shock itself or the induced VF.
Limitations
Our study did not directly compare S-ICD and transvenous ICD in terms of the potential damage caused by DFT. However, it is the first to evaluate the impact of the S-ICD shock on acute cardiac damage and cardiovascular haemodynamics in humans by means of novel, Circulating biomarkers after S-ICD shock f237 high specificity biomarkers. Device testing during implantation was performed by means of a 65 J shock on induced VF. However, after implantation, the device is able to deliver up to five consecutive biphasic 80 J shocks per episode and can automatically reverse shock polarity if the initial shock is unsuccessful. Therefore, no conclusion can be drawn as to the potential damage caused by multiple shocks during follow-up.
Conclusions
Serum levels of biomarkers of myocardial damage were not found to be elevated after high-energy DFT in patients who had undergone S-ICD device implantation, regardless of their ejection fraction value. We did not find a stable increase in haemodynamic stress biomarkers after high-energy DFT. Our prospective observational study is the first to suggest that S-ICD DFT does not cause acute myocardial injuries in humans. Further studies are necessary to confirm our results and to directly compare S-ICD with transvenous ICD in terms of the damage caused by DFT.
Conflict of interest: none declared.
